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Phylogenomic Analyses Clarify Butterfly Species within the Genus Speyeria despite
Evidence of a Recent Adaptive Radiation

Abstract

by Erin Thompson
University of the Pacific
2018

The North American genus Speyeria is an especially challenging radiation of
butterflies due to ongoing hybridization, incomplete lineage sorting, and similar
morphological characters among species. Adaptive radiations often require
considerable evidence in order to resolve the evolutionary relationships of closely
related individuals. Previous studies of this genus have found paraphyly among species
and have been unable to disentangle these taxa due to a lack of data and/or incomplete
sampling of the genus. As a result, the interspecific relationships among Speyeria
remain unresolved. In an attempt to achieve phylogenetic resolution of the genus, we
conducted population genomic and phylogenomic analyses of all North American
Speyeria species, as well as several subspecies, based on genome wide markers using
the SbfI restriction enzyme and restriction site associated DNA sequencing (RADseq).
Together, our analyses recovered 16 species within Speyeria, validating previous
taxonomic work. However, consistent with recent molecular analyses, internal
relationships have poor support. This lack of resolution indicates Speyeria represent an
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ongoing adaptive radiation, with incomplete lineage sorting, hybridization, and lack of
postzygotic reproductive barriers, supporting this hypothesis.
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Chapter 1: Introduction
Understanding and studying adaptive radiations among species helps clarify the
history and nature of evolution, as well as the diversity of life (Ebel et al., 2015; Glor,
2010; Van Bocxlaer et al., 2009). Adaptive radiations represent the rapid diversification
and formation of new species to fill newly available ecological niches. Many examples
of adaptive radiations can be found across the globe. The Hawaiian Silversword
alliance is an example of a radiation of plants onto the available niches of Hawaii’s
volcanic islands, demonstrating the ability of a diverse genus of plants to spring from a
single lineage (Lim and Marshall, 2017). Another example can be seen in Cichlid fish,
radiating in East African lakes and accumulating nearly two thousand unique species in
the last ten million years (Kocher, 2004). These fish evolved first due to adaptations to
sandy and rocky habitats, followed by selection of trophic feeding morphology, and most
recently via color pattern differences in males of different lineages, showing how a great
deal of diversity can be accumulated in a short period of time (Kocher, 2004).
Heliconius butterflies are an example of an adaptive radiation among insects driven by
Müllerian mimicry and assortative mating for color pattern, making evident the effects of
selection and mimicry in an adaptive radiation (Kozak et al., 2015; Martin et al. 2013). A
North American adaptive radiation of conservation concern is the butterfly genus
Speyeria, which radiated rapidly across North America on existing Viola host plant
diversity (de Moya 2017).
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Adaptive radiations give rise to phylogenetic relationships which are difficult to
resolve (Glor, 2010). There are several reasons for the difficulty of resolution, the first of
which being the process of adaptive radiation itself not leaving behind signals due to the
rapid rate at which they take place (Giarla and Esselstyn, 2015). Second, is incomplete
lineage sorting (ILS), or the failure of all alleles to segregate into lineages (Figure 1);
evidenced by gene trees that are discordant (Lamichhaney et al., 2015; Meyer et al.,

Figure 1: Tree illustrating incomplete lineage sorting due to failure of genes to
sort with lineages

2015; Pollard et al., 2006; Sang and Zhong, 2000). Third, ongoing hybridization
between species can lead to reticulate patterns of evolution (Arnold and Meyer, 2006;
Linder and Rieseberg, 2004; Marhold and Lihová, 2006; van Oppen et al., 2004).
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A possible phylogenetic manifestation of an adaptive radiation is a nonbifurcating phylogenetic tree, or a polytomy. If a polytomy is the result of the actual
pattern of diversification, rather than an unresolved node, it is called a hard polytomy
(Glor 2010). In contrast, so-called soft polytomies are thought to be the result of
insufficient data, and adding data can help recover a bifurcating pattern (Wortley et al.
2005). However, with a hard polytomy, no matter how much data are analyzed, the
polytomy will always exist (Glor, 2010; Hoelzer, 1994; Walsh et al., 1999; Whitfield and
Lockhart, 2007). It is thus possible to diagnose what is a hard polytomy by adding a
large quantity of data and seeing if the polytomy persists (Wortley et al. 2005).
The aforementioned North American radiation of Speyeria butterflies exemplifies
the three difficulties with phylogenetic reconstruction of adaptive radiations. This genus
is extremely diverse, comprising > 100 taxa (Pelham 2008), and has a host-specific
larval food plant relationship with Viola spp (Dunford 2009). Speyeria are thought to
have radiated onto to the existing Viola diversity in North America via its Asian
ancestors in the last 4-7 million years via the Bering Strait, and ceased gene flow with
its ancestors after the ice retreated (de Moya et al., 2017). Speyeria are also of
conservation concern, with many species in decline due to habitat loss, degradation,
and most importantly human activity (Hammond and McCorkle 1983; Sims 2017). In
fact, there are several groups that are federally listed endangered species such as
Speyeria callippe callippe, S. zerene behrensii, S. zerene hippolyta, and S. zerene
myrtleae, (United States Fish and Wildlife Service) and others that are threated such as
S. idalia, and S. diana (Sims, 2017).
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The difficulties presented by adaptive radiations discussed above and limitations
in datasets have led to unresolved phylogenies, and uncertainty about the
distinctiveness of species within the genus Speyeria. Adult wing patterning and
coloration are extremely variable among recognized Speyeria taxa (Pelham 2008),
leading to challenges with morphological identification (Brittnacher et al. 1978; Dunford
2009; McHugh et al., 2013, Warren 2005; Dornfeld 1980). However, available data
indicate that Speyeria species show morphological, ecological and behavioral
differences in sympatry and these traits should be associated with multilocus
differences (Hammond 1981; Hammond 1990). Interestingly, many taxa within the
genus are interfertile and make viable hybrids in lab crosses, and examples of natural
hybrids have been reported (Hammond et al., 2013).
Recent molecular phylogenetic investigations have helped resolve higher level
systematics and the relationship of Speyeria to its close relatives in the genus Argynnis
(de Moya et al. 2017; McHugh et al. 2013 Simonsen 2006; Simonsen et al. 2006), but
have not completely resolved Speyeria relationships. Simonsen et al. (2006) confirmed
the close relationship of Argynnis and Speyeria, with a pattern suggesting Argynnis is
paraphyletic unless Speyeria is included within, although only S. cybele was analyzed.
McHugh et al. (2013) focused on S. zerene hippolyta, and found most species studied
to be paraphyletic, with the exception of S. cybele, suspecting that ILS led to the
patterns in their analysis. de Moya et al. (2017) increased taxon sampling to include all
Speyeria species (Pelham 2008), and similar to McHugh et al. (2013), found many of
the species to be paraphyletic with many lower-level branches poorly supported.
However, they solidified Speyeria monophyly and intergeneric relations with Argynnis
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and Fabriciana (de Moya et al. 2017). Campbell et al. (2017) sampled 13 Speyeria
species to validate methods in the use of Next Generation Sequencing (NGS) of nonmodel organisms, and to evaluate the relationships of Speyeria species. Their analysis
recovered several Speyeria species for which multiple exemplars were included.
However, the analyses to date do not provide a satisfactory validation of all North
American Speyeria species because of a lack of comprehensive sampling, and/or their
finding of paraphyly among taxa.
Our goal here is thus to test the validity of Speyeria species and to reconstruct
the phylogenetic relationships of the North American taxa. We analyzed multiple
exemplars of each of Pelham’s (2008) 16 hypothesized Speyeria species, as well as S.
atlantis hollandi, given that S. atlantis hollandi was treated as a full species by McHugh
et al. (2013). We generated RADseq data with a single restriction enzyme and pairedend sequencing, yielding 2,356 loci greater than 300 base pairs (bp) in length. We
conducted three independent analyses to obtain corroboration with different
approaches: phylogenetic, principal component analysis (PCA), and admixture
analysis. Overall, our results validate the 16 canonical Speyeria species, but indicate
that the S. a. hollandi individuals analyzed here belong with S. hesperis.
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Chapter 2 Methodology
Sampling

We sampled two adult individuals from all 17 proposed species across North
America (Table 1). We used the taxonomy of Pelham (2008) except for S. a. hollandi
as described above. Identifications were based on adult wing morphology using various
resources, including field guides and online images (Dornfelt 1980; Emmel & Emmel
1998; Guppy and Shepard 2001; Opler et al. 1999; Pyle 2002; Shapiro 2007; Scott
1997; Warren 2005; Warren et al. 2012;). Samples were dissected the day of capture
into 95-100% ethanol and subsequently placed in the freezer.

Table 1: List of Speyeria individuals sampled and RADseq information used in
phylogenetic and population genetic analyses.
Country, State/Prov,
County

Individual ID

Voucher
Number

Species

subspecies

adcl_Chew_1

RIH2329

adiaste

clemencei

adcl_Chew_2

SCC272

adiaste

clemencei USA, CA, Mendocino Co.

atho_Colo_1

RIH2874

atlantis

hollandi

CAN, BC, E. Kootenay

53.6

atho_Colo_2

RIH2876

atlantis

hollandi

CAN, BC, E. Kootenay

38.9

apap_Giff_1

WS13_14

aphrodite

aphrodite

USA, PA, York Co.

19.6

apal_Minn_1

CRT041

aphrodite

alcestis

USA, MN, St. Louis Co.

54.5

atat_NewH_1

RIH2602

atlantis

atlantis

USA, White Mtns., NH.

48.5

atat_Verm_1

VT001

atlantis

atlantis

USA, VT, Addison Co.

65.6

caca_KiRa_7

SCC_47B

callippe

callippe

USA, CA, Solano Co.

108.1

caca_SBrM_1

SCC_21

callippe

callippe

USA, CA, San Mateo Co.

75.2

crla_SpMt_1

CRT090

carolae

USA, NV, Clark Co.

72.6

crla_SpMt_2

CRT092

carolae

USA, NV, Clark Co.

133.6

coco_Chew_1

RIH2333

coronis

USA, CA, Monterey Co.

90.8

coronis

USA, CA, Monterey Co.

Avg.
read/locus
149.1
35.3
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Country, State/Prov,
County

Individual ID

Voucher
Number

Species

subspecies

Avg.
read/locus

coco_Chew_2

SCC_276

coronis

coronis

USA, CA, Monterey Co.

180.8

cycy_Fron_1

WKS_S_02

cybele

cybele

USA, VA, Warren Co.

98.5

cycy_Gree_1

WMNF_01

cybele

cybele

USA, NH, Carrol Co.

38.1

dian_McQu_1

WS13_33

diana

USA, TN, Johnson Co.

73.0

dian_McQu_2

WS13_26

diana

USA, TN, Johnson Co.

75.8

edwa_Hw12_1

RIH2767

edwardsii

USA, CO, Gunnison Co.

72.3

edwa_Hw16_1

RIH2819

edwardsii

USA, WY, Johnson Co.

88.4

egeg_108m_1

RIH2143

egleis

egleis

USA, CA, Alpine Co.

55.7

egeg_108E_1

RIH2142_B

egleis

egleis

USA, CA, Mono Co.

114.2

noap_Brid_1

RIH2212

nokomis

apacheana

USA, CA, Mono Co.

70.5

noap_Brid_2

RIH2112

nokomis

apacheana

USA, CA, Mono Co.

14.7

hebe_Clny_1

RIH2878

hesperis

beani

CAN, BC, E. Kootenay

47.9

hebe_Babb_1

CRT056

hesperis

beani

USA, MT, Glacier Co.

75.5

hyhy_MtAs_1

RIH2158

hydaspe

rhodope

USA, OR, Jackson Co.

25.5

hyhy_MtAs_2

RIH2163_B

hydaspe

rhodope

USA, OR, Jackson Co.

31.4

idid_FrIn_1

WS13_04

idalia

idalia

USA, PA, Lebanon Co.

19.2

idid_FrIn_2

WS13_03

idalia

idalia

USA, PA, Lebanon Co.

43.1

moer_Ocho_1

KZ15_442

mormonia

erinna

USA, OR, Crook Co.

84.7

moer_MhNF_1

KZ15_445

mormonia

erinna

USA, OR, Grant Co.

107.0

zepu_PRNS_1

RIH2993

zerene

puntareyes

USA, CA, Marin Co.

100.7

zepu_Este_1

RIH2986

zerene

puntareyes

USA, CA, Marin Co.

93.0

DNA was extracted from thoraces or legs of adult butterflies using a Qiagen DNeasy
Blood & Tissue Kit. DNA was quantified using a Qubit fluorometer and kit (Invitrogen).
DNA was normalized to 5 ng/μl for library preparation.
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RADseq
DNA was digested with the restriction enzyme SbfI and paired-end 100 bp read
libraries built using the protocol of Ali et al. (2016). All RAD sequencing data required a
perfect barcode and partial restriction site match (Ali et al., 2016). The genome
assembler PRICE (Ruby et al., 2013) was used to create a de novo partial genome of
RAD sequences from eight San Bruno Mountain S. callippe individuals. Sequences
from all individuals in this study were then aligned to this reference assembly using the
Burrows-Wheeler aligner (Li and Durbin, 2009) under default parameters. Samtools
was used to eliminate PCR duplicates and create Binary Alignment Map (BAM) files (Li
et al., 2009). A minimum threshold of approximately 10x coverage (i.e. reads) was set
per locus for all individuals included in our analyses (Table 1).
Phylogenomics
A phylogenomic analysis using two individuals per recognized species, along
with two individuals representing the putative species S. atlantis hollandi (N=34) was
conducted. Fifty random loci were selected from the final dataset (described above)
using ANGSD (Korneliussen et al., 2014). FASTA files for these loci were generated
using default parameters (angsd -dofasta 2 -docounts 1). Because the number of loci
available exceeded the computational bounds of most phylogenomic programs, a
subset of 50 loci was randomly chosen from the available dataset. All loci were
screened in SEAVIEW (Gouy et al., 2010) to ensure a minimum of 120 bp length for all
individuals (Table 2). The subprogram BEAUTI within *BEAST (Bouckaert et al. 2014)
setup parameters from the fifty loci for each species, including a strict molecular clock,
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Table 2: Information about each locus analyzed, and the evolutionary model selected.
Locus Name

Minimum sequence length (BP) /
Individual

R000004

259

GTR+G

R000009

254

K80+I

R000013

282

HKY+G

R000019

309

HKY+I

R000020

311

K80+I+G

R000039

279

GTR+G

R000043

277

HKY

R000076

261

HKY+G

R000089

213

HKY+G

R000104

391

HKY+G

R000232

256

K80+G

R000287

300

HKY+G

R000310

364

HKY+I+G

R000525

293

HKY+G

R000572

377

HKY

R000625

291

HKY+I+G

R000639

214

GTR+G

R000689

279

HKY+I+G

R000726

405

HKY+G

R000750

384

HKY+I+G

R000752

280

HKY+G

R000791

356

HKY+I

R000792

393

GTR+I+G

R000808

365

HKY

R000891

267

HKY

R000904

298

K80+I

R000986

357

HKY

R001026

121

HKY+G

R001088

283

HKY+I+G

Evolutionary Model

21

Locus Name

Minimum sequence length (BP) /
Individual

R001103

243

HKY+G

R001192

391

HKY+G

R001255

285

HKY+G

R001383

202

GTR+G

R001440

197

HKY

R001498

269

HKY+G

R001526

219

GTR+G

R001591

374

HKY+I

R001594

289

HKY+I+G

R001622

364

HKY+I+G

R001759

371

HKY+G

R001838

390

F81+G

R001844

343

K80+G

R001877

206

HKY+G

R002098

341

HKY+I

R002111

267

HKY

R002194

173

HKY+I+G

R002262

159

HKY

R002275

295

K80+G

R002383

391

F81+G

R002399

342

HKY+G

Evolutionary Model

sampling over 500 million generations, taking one sample every 10,000 generations and
a Yule Model to generate an .xml file. These .xml files were then run in *BEAST
(Bouckaert et al. 2014). This tree was assessed for model optimization in Tracer
(Rambaut et al., 2018) by reviewing effective sample size (ESS) values, which are a
measures of how well the Markov chains are mixing for each parameter, and later
assessed with tree annotator, using a burn-in of 25% for species trees. Final
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visualization of this analysis was performed in FigTree (Rambaut et al., 2018). The
evolutionary models were chosen based on those models with the best AICc indicated
by jModelTest. (Darriba et al., 2012; Gouy et al., 2010; Guindon and Gascuel, 2003.).
When models indicated were not implementable in BEAUTI, the next best model
indicated by jModelTest was selected.
Population Genomics
To further understand genetic variation among currently recognized species and
to validate these lineages using non-phylogenomic approaches, two population genomic
approaches were also deployed: principal component analysis and admixture analysis.
Unlike the phylogenomic approach, these analyses make use of the entire suite of loci
available from the de novo assembly. In these analyses, BAM files for each individual
were used in ANGSD to identify polymorphic sites, infer major and minor alleles
(doMajorMinor 1), estimate allele frequencies (doMaf 2), and retain single nucleotide
polymorphisms (SNPs) with a minor allele frequency of at least 0.05 (minMaf). PCAs
were generated by creating covariance matrices from genotypes called by ANGSD
using the NGSCOVAR function within NGSTOOLS and plotting results in R (R Core
Team. 2013; Fumagalli et al. 2010). Admixture analyses were completed by generating
BEAGLE input files in ANGSD (with the same parameters as the PCA) and running
those input files in NGSADMIX. Analyses were conducted from K = 2 to K = 17. The
optimal number of clusters, K, was assessed using the delta K value, following the
method of Evanno et al. (2005). Results were visualized in PopHelper (Francis et al.,
2017).
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Chapter 3: Results
RADSeq
The de novo assembly generated using eight S. callippe individuals returned a
partial genome of 2,356 loci, all of which were a minimum of 300 bp and averaged 570
bp in length. All individuals were aligned to this partial genome, with no individual
containing fewer than 100,000 reads (average = 174k). A scanning of the final BAM
files for all individuals revealed 52,157 SNPs were available for population genomic
analyses. One hundred loci were then randomly chosen from the original 2,356 loci and
screened. A final set of 50 loci were used for phylogenomic analysis, with sequence
lengths ranging from 121 to 405 after trimming (average = 296 bp) across all 34
individuals (Table 2). This final phylogenomic dataset was comprised of 19,084 total
sites with 1,015 parsimoniously informative sites (5.3%).
Phylogenomics
Preliminary phylogenomic analyses explored different clock models (relaxed
lognormal, relaxed exponential, random local, and strict) and found a strict clock to be
the most appropriate based on ESS values (see below). Therefore, all subsequent
analyses were run with a strict clock. Despite varying ESS values between analyses,
overall topologies found between clock models were remarkably similar.
An initial analysis using a simple evolutionary model JC, on all 50 loci and 500
million Markov Chain Monte Carlo (MCMC) replicates, showed high posterior
probabilities (PP > 0.94) for 14 of 17 hypothesized species and nearly as high posterior
probability for S. coronis (Appendix A). Four species (S. nokomis, S. idalia, S. diana
and S. mormonia) branch basally to the remainder of the tree. Moreover, many
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intermediate branches had low posterior probabilities (PP = 0.52 to PP = 0.93). One
ESS value, which is a measure of how well the Markov chains are mixing for each
parameter, was below *BEAST recommendations (< 100). The remaining parameters
met the necessary criteria.
To explore the effects of increasing evolutionary model parameterization on tree
topology and ESS values, we ran a second analysis using all 50 loci, with HKY and 500
million MCMC replicates (Figure 2). The tree constructed with the HKY model of
evolution also recovered 14/17 species with high posterior probabilities (PP > 0.95) and
resulted in ESS values >200 for all parameters. This analysis also recovered the same
four basal species as the tree constructed with the JC model of evolution (Appendix A).
However, HKY changed the position of the sister pair S. aphrodite + S. cybele to being
sister taxa to S. adiaste + S. hydaspe. This change was not unexpected given the poor
support for short branches leading to these relationships. As with JC, a number of
intermediate branches had low posterior probabilities (PP < 0.94) in both the HKY and
more parameterized analysis described next.
Because of some topological discordance between HKY and JC analyses
(Appendix A), we modeled each locus using jModelTest and independently entered
appropriate parameters into BEAUTI (Table 1). Using similar conditions in *BEAST as
above, we obtained an overall species tree that was well supported by ESS values (>
100). All told, 14 of 17 hypothesized species were found to be monophyletic with high
posterior probabilities (PP > 0.94, Figure 2 inset). The samples of S. atlantis hollandi
were shown to be polyphyletic with S. hesperis. If the S. atlantis hollandi, and S.
hesperis are regarded as a single lineage, then 15 of 16 hypothesized species were
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Figure 2: Phylogenetic results utilizing the HKY model for all loci and with
parameterized models for each locus. The main portion of the figure is the
phylogenetic tree resulting from using the HKY evolutionary model. The inset of
the figure is the phylogenetic tree resulting from parameterized evolutionary
models and collapsing nodes with poor support.
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resolved as monophyletic with high posterior probability (PP > 0.94). Topologies
between HKY and the tree using locus specific substitution models were virtually
identical, with varying but similar support between branches. One discrepancy between
the HKY and more parameter rich tree, was S. hydaspe, which was found to be
paraphyletic with S. adiaste in this analysis. We again observed the same four basal
lineages in the more parameter rich analysis: S. nokomis, S. idalia, S. diana, and S.
mormonia with high posterior probabilities. However, the position of S. nokomis was
unresolved.
Consistently across all three species trees, no matter what level of
parameterization was assigned to the loci, the same 14 / 17 taxa were supported (15 /
16 if S. hesperis and S. a. hollandi are collapsed into a single species). In each
analysis the basal species were S. nokomis, S. idalia, S. diana and S. mormonia with
high posterior probabilities (PP > 0.95). Similar topologies were recovered in each,
though with variable amounts of posterior probability for each branch. For example, S.
cybele / S. aphrodite and S. hydaspe / S. adiaste are sister taxa in the JC and HKY
trees, but not in the locus specific substitution model tree. This is not unexpected given
the poor posterior probabilities for this relationship across all three trees. Taken
together, the HKY tree had the best ESS, and the highest posterior probabilities, and as
a result we take it as the best topological representation of the Speyeria phylogeny
(Figure 2).
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Population Genomics: PCA
In an effort to continue to evaluate and visualize the currently recognized species
and genomic differences found therein, we performed PCA using the entire data set of
2,356 loci. Plotting the first two principal components, we identified 16 / 17
contemporary lineages as non-overlapping points (Figure 3). Of the total variation, PC1
accounted for 6.66% whereas PC2 accounted for 6.19%. PCs 3-6 all had incrementally
smaller amounts of the variation attributed to them (Appendix D). This slow decrease
speaks to the total variation in the dataset not being encapsulated within the first few
PCs. Despite this, individuals from the morphological species cluster with one another.
The most obvious outcome of our PCA analysis was the overlap between the S. a.
hollandi samples and S. hesperis and the distinctiveness of S. diana from the remainder
of the genus (Figure 3). The remaining 15 species appear distinct, although proximity to
one another is variable and not reflective of patterns seen in the phylogeny. In general,
PC1 tends to group the more derived species (from the phylogeny) opposite that of the
more basally branching species. PC2 further separates those basal lineages from one
another and interestingly, S. atlantis and the S. a. hollandi, S. hesperis group from all
remaining species. Finally, PC3 starts to resolve the more derived species, but causes
S. adiaste to be well differentiated from the rest of the genus (Figure 3b).
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Figure 3: Principal component analyses of 17 hypothesized Speyeria species. Panel A shows principal component
1 showing 6.66% vs principal component 2 showing 6.19% of the variation in the overall dataset. Panel B shows
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Population Genomics: Admixture
The log-likelihood cluster evaluation proposed by Evanno et al. (2005) indicated
K = 2 was the most likely number of clusters for our dataset, in that it had the highest
delta-K value (Appendix B). However, delta-K values were all very low (< 3.5). Although
K = 2 roughly matches with some higher-level patterns seen in the phylogenetic
analyses, with the more basal taxa grouped separate from more derived taxa, the most
distinct taxa are S. aphrodite and S. cybele. This does not match with our prediction
that the morphologically distinct, basally branching taxa S. idalia, S. diana, and S.
nokomis, should be distinct. The number of clusters with the next best delta K values
were K = 3, K = 9, K = 11, and K = 17. However, K = 3, K = 9, and K = 11 indicated that
S. idalia and S. diana were not both distinct, despite the result of Hammond et al. (2013)
which found these two species do not make fertile offspring when crossed with other
Speyeria. Higher values of K showed increasing resolution of putative Speyeria species
but were not selected by the Evanno method. Therefore, we follow Pritchard et al.
(2000), and evaluate clusters which are consistent with previous knowledge of the
genus, such as K = 15 through K = 17 (Campbell et al., 2017; de Moya et al., 2017;
Hammond et al., 2013; McHugh et al., 2013; Pelham 2008; Williams 2001). At K = 15,
clusters were resolved which coincided with sensible biological patterns and
contemporary species designations within Speyeria, while maintaining reproductively
isolated taxa as distinct clusters. For example, 12 of the 17 species can be clearly
defined as unique, using a threshold of 75% assignment to a particular cluster for K =
15, including S. idalia and S. diana. At K = 16, 14 of 17 contemporary lineages formed

K=2
K=15
K=16

K=17

S. idalia 1
S. idalia 2
S. nokomis 1
S. nokomis 2
S. diana 1
S. diana 2
S. mormonia 1
S. mormonia 2
S. edwardsii 1
S. edwardsii 2
S. zerene 1
S. zerene 2
S. egleis 1
S. egleis 2
S. carolae 1
S. carolae 2
S. coronis 1
S. coronis 2
S. callippe 1
S. callippe 2
S. a. hollandi 1
S. a. hollandi 2
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S. h. beani C
S. a. atlantis N
S. a. atlantis V
S. a. aphrodite
S. a. alcestis
S. cybele 1
S. cybele 2
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S. hydaspe 2
S. adiaste 1
S. adiaste 2
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distinct clusters. Finally, K = 17 resolved 13 of 17 lineages. The clusters K = 15, K =

16, K = 17 are further discussed below.

| | | | | | | | | | | | | | | | | | | | | | | | | | | | | | | | | | |

Figure 4: Admixture analyses conducted on the same dataset for the most
biologically likely number of clusters.
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Chapter 4: Discussion
Together, our three independent, phylogenomic, admixture, and PCA analyses
confirm the 16 Speyeria species designated by Pelham (2008) and help to disentangle
the paraphyly found by previous workers (de Moya 2017 et al., Hammond 2013,
McHugh 2013 et al.). These analyses strongly support patterns found by others
(Campbell 2017) and combined with previous work (Campbell et al., 2017; de Moya et
al., 2017), illustrate that these taxa are genetically distinct, despite a lack of postzygotic
barriers among most of the genus (Hammond et al., 2013). This is especially important
given the morphological diversity in the genus and greater than 100 described
subspecific taxa (Pelham 2008).
Our results also clear up species designations within Speyeria, which have been
found to be paraphyletic in previous analyses, or the distinctiveness of which have been
debated on morphological grounds. One example of two taxa which have been
variously designated as synonymous is S. carolae / S. coronis (Emmel & Austin 1998).
We found both S. carolae and S. coronis to be distinct and closely related, corroborating
previous biosystematic work (Emmel and Austin 1998). Another example of
disagreement is S. atlantis and S. hesperis, with some studies regarding these as
distinct species (Brock and Kaufman 2003; Guppy and Shepard, 2001; James et al.,
2011; Opler et al., 1999; Scott, James et al., 1998; Tuzov 2003; Pelham 2008), while
others consider S. hesperis as a junior synonym of S. atlantis (Glassberg, 2001;
Hammond et al., 2013; Pyle, 2002). Our analyses found these taxa to be distinct,
agreeing with the former. However, further work is certainly needed on these two
species given that the individuals identified here as Speyeria atlantis hollandi, which
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was recognized as a species by McHugh et al. (2013), does not come out with the other
S. atlantis, but instead with S. hesperis. In both our population genomic and
phylogenomic analyses, S. atlantis hollandi and S. hesperis appear to be a distinct
group. Based on this, assuming there were no mis-identifications, it appears that S. a.
hollandi should be changed to be a subspecies of S. hesperis.
Our phylogenomic analyses indicate patterns of intraspecies relationships which
are consistent with recent work, despite having low posterior probabilities for interior
relationships (PP < 0.94). Our analyses show that S. nokomis, S. idalia, and S. diana
branch basally when compared to the remainder of the tree, similar to de Moya et al.
(2017). Although Campbell et al. (2017) did not include S. idalia or S. diana, their
preferred phylogenomic analysis is consistent with our analyses, showing S. nokomis as
branching first, then S. mormonia, although whether S. mormonia is sister to the
remainder is not well supported in their work. In contrast, de Moya et al. (2017) found S.
mormonia exemplars to be nested within S. zerene, and part of a group including S.
coronis, S. carolae, S. egleis, S. callippe, and S. edwardsii. Further, we confirmed the
close relationship between S. hydaspe and S. adiaste, as found by de Moya et al.
(2017). This is a sensible pattern given these species’ allopatric, complimentary
distributions (Scott 1997).
The phylogenomic results of this study conflict with the hypothesized callippe and
cybele groups of Hammond et al. (2013). Our analyses place S. aphrodite and S. cybele
among members of Hammond’s callippe group, comprised of S. mormonia, S. atlantis,
S. hollandi, S. sorocko, S. callippe, S. edwardsii, S. egleis, S. zerene, S. coronis, S.
hydaspe, and S. adiaste. Although de Moya et al. (2017) found S. aphrodite and S.
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cybele to be sister to the callippe group, our analysis is not inconsistent with that, given
the low posterior probabilities (Figure 2). These results thus imply that the genitalic
characters cited as defining these two species groups (Hammond et al., 2013) are
probably not good synapomorphies for dividing the two.
Our phylogenomic results were insensitive to model selection. The
phylogenomic analyses with HKY and locus-specific substitution models, revealed
support for 15 of the 16 hypothesized species within Speyeria (Figure 1). We see similar
support and relationships among species using the more parameterized analysis across
the same loci (Table 2), with certain basal relationships having increased posterior
probability, as we do when applying the HKY model. Similar results were achieved
using the JC model of evolution for each locus (Appendix A). The JC tree shifts the
position of S. aphrodite and S. cybele, which due to its poor posterior probability, is not
unexpected. Whereas the effects of evolutionary modeling on phylogenetic resolution
can be seen in our analyses, they are minimal in changing the phylogeny of Speyeria.
Despite the topological positions of certain branches wavering between these analyses,
each branch that changes has low posterior probability, making its change between
analyses unsurprising. Regardless of which evolutionary model is selected, short
branch lengths and poor support can still be seen in the interior branching relationships
of each tree, the former of which is problematic because they represent few nucleotide
differences between species, and close evolutionary relationships. However, given that
our genomic analyses support species designations, the short branch lengths and low
posterior values for interior branches indicate a recent, rapid radiation (de Moya et al.,
2017).
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Our admixture analysis produced useful results, but required careful analysis of K
= 2 - 17, rather than using the method of Evanno et al. (2005). Previous work has
shown that there are reproductively and morphologically isolated taxa, such as S. idalia,
and S. diana within the genus (Hammond et al. 2013). Looking at the plots for K = 2, 3,
9, 11, these divergent taxa were not always distinct. Moving then to the plots which
resolve these well-defined groups, K = 15, we see that these genetically divergent
species have > 75% assignment to unique clusters. Further, in the plot for K = 15 we
see that S. mormonia, S. egleis, and S. coronis showed significant levels of admixture
with other species. Given that these taxa have been shown to produce viable offspring
when crossed to other Speyeria in lab crosses (Hammond et al. 2013), this pattern
could be reflecting recent introgression. However, S. mormonia has major Haldane
effects when hybridized with other taxa (Hammond et al. 2013). With an additional
cluster at K = 16, S. mormonia, S. egleis, and S. coronis now appear distinct, although
S. zerene and S. hesperis show more admixture than at K = 15.. The patterns in K = 16
are plausible when considering hybridization studies of the genus (see above) and are
congruent with our phylogenomic analyses. To account for the possibility of cryptic
species within the genus we also examined the results at K = 17. At K = 17 S. egleis
individuals are split up, and S. aphrodite has increased levels of admixture. This could
be admixture revealing subspecies structure, as the two S. aphrodite individuals
selected are different subspecies. However, this hypothesis is less tenable for the two
S. egleis individuals because they are the same subspecies collected in the same
county. The analysis at K = 17 represents the start of decreasing resolution, for this and
subsequent Ks. For example, the 17th cluster (light gray) is distributed across many
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species, splits the two S. egleis individuals, and shows increased mixing between S.
aphrodite and S. cybele, making a reduction in the distinctiveness of contemporary
lineages identified at K = 16.
Despite the fact that each PC in our analysis does not indicate the large amounts
of variation seen among species in other similar studies (Baumsteiger et al., 2017), 16
differentiated groups were resolved. This could be a signature of a recent adaptive
radiation, in that distinctive species are not vastly different from one another genetically.
Interestingly, S. nokomis and S. idalia are not well differentiated from the remainder of
the genus as one would expect when considering our phylogenetic evidence, and
previous work indicating that they are well differentiated and reproductively isolated
(Britten 1994; Campbell et al., 2017; de Moya et al., 2017; Hammond et al. 2013).
Despite our finding these well-differentiated species to be closely grouped with the rest
of the genus in the PCA, it is important to point out that the PCA does not use
evolutionary models (i.e. is “model agnostic”), but rather raw variances among
genomes. Thus, although it does not necessarily represent the true differences among
species, the fact that our PCA resolves 16 groups is useful in the growing body of
evidence for the species analyzed here.
Finally, the kind of analyses applied here, coupled with the paraphyly found in
Speyeria in other analyses, and the disagreement on designations for the various taxa
has implications for conservation work, and our understandings of evolution. Given that
the approaches undertaken here confirmed species of Speyeria, they can be used to
confirm the distinctiveness of subspecies, such as the endangered S. zerene hippolyta,
or identify population structure within and among sympatric species. Confirming the
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distinctiveness of endangered groups can help support the legitimacy of these
designations. Investigating these patterns can help us understand if subspecies should
be elevated to species, or species turned to subspecies, and comprehend complex
patterns of evolution. There are many imperiled taxa within Speyeria (see Introduction)
and if these taxa can be differentiated from others within the genus, then we should
protect them. As our analyses show, at a minimum the 16 commonly accepted species
of Speyeria are indeed legitimate.
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APPENDIX A: PHYLOGENETIC TREE CREATED WITH JC EVOLUTIONARY
MODEL
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APPENDIX B: PLOT OF DELTA-KS INDICATED BY EVANNO ANALYSIS.
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APPENDIX C: SCREE PLOT SHOWING DECREASE IN VARIATION EXPLAINED BY
PRINCIPAL COMPONENTS AFTER EIGEN DECOMPOSITION OF COVARIATE
DATA
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APPENDIX D: ADMIXTURE PLOTS INDICATED BY EVANNO. THESE PLOTS HAVE
RELATIVELY HIGH DELTA-K ACCORDING TO EVANNO ANALYSIS, BUT DO NOT
MATCH BIOLOGICAL INTUITION.
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APPENDIX E: IMAGES OF SPECIES USED IN ANALYSIS. IMAGES ARE NOT TO
SCALE, BUT REPRESENT INDIVIDUAL SPECIES IDENTIFICATIONS. FOR EACH
INDIVIDUAL THE LEFT IMAGE IS DORSAL VIEW, RIGHT IMAGE IS VENTRAL VIEW.

Figure E1. Speyeria idalia idalia, WS13-04

Figure E2. Speyeria idalia idalia, WS13-03
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Figure E3. Speyeria diana, WS13_26

Figure E4. Speyeria diana, WS13_33

Figure E5. Speyeria cybele cybele, WMNF_01
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Figure E6. Speyeria cybele cybele, WKS__S_02

Figure E7. Speyeria egleis egleis, RIH2143

Figure E8. Speyeria egleis egleis, RIH2142_B
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Figure E9. Speyeria zerene puntareyes, RIH2993

Figure E10. Speyeria zerene puntareyes, RIH2986

Figure E11. Speyeria coronis coronis, SCC_276
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Figure E12. Speyeria coronis coronis, RIH2333

Figure E13. Speyeria edwardsii, RIH 2767

Figure E14. Speyeria edwardsii, RIH 2819
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Figure E15. Speyeria carolae, CRT092

Figure E16. Speyeria carolae, CRT090

Figure E17. Speyeria nokomis apacheana, RIH 2112
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Figure E18. Speyeria nokomis apacheana, RIH 2212

Figure E19. Speyeria callippe callippe, SCC_21

Figure E20. Speyeria callippe callippe, SCC-47B
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Figure E21. Speyeria mormonia erinna, KZ15-442

Figure E22. Speyeria mormonia erinna, KZ15-445

Figure E23. Speyeria hesperis beani, CRT-056
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Figure E24. Speyeria hesperis beani, RIH2878

Figure E25. Speyeria hydaspe rhodope, RIH2158

Figure E26. Speyeria hydaspe rhodope, RIH2163B
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Figure E27. Speyeria atlantis atlantis, VT001

Figure E28. Speyeria atlantis atlantis, RIH2602

Figure E29. Speyeria adiaste clemencei, RIH2329
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Figure E30. Speyeria adiaste clemencei, SCC272

Figure E31. Speyeria atlantis hollandi, RIH2874

Figure E32. Speyeria atlantis hollandi, RIH2876
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Figure E33. Speyeria aphrodite aphrodite, WS13_14

Figure E34. Speyeria aphrodite alcestis, CRT041

